An exciting new direction in HIV research is centered on using molecular phylogenetics to understand the social and behavioral drivers of HIV transmission. SPOT was an intervention designed to offer HIV point of care testing to men who have sex with men at a community-based site in Montreal, Canada; at the time of testing, a research questionnaire was also deployed to collect data on socio-demographic and behavioral characteristics of participating men. The men taking part in SPOT could be viewed, from the research perspective, as having been recruited via a convenience sample. Among men who were found to be HIV positive, phylogenetic cluster size was measured using a large cohort of HIV-positive individuals in the province of Quebec. The cluster size is likely subject to under-estimation. In this paper, we use SPOT data to evaluate the association between HIV transmission cluster size and the number of sex partners for MSM, after adjusting for the SPOT sampling scheme and correcting for measurement error in cluster size by leveraging external data sources. The sampling weights for SPOT participants were calculated from another study of men who have sex with men in Montreal by fitting a weight-adjusted model, whereas measurement error was corrected using the simulationextrapolation conditional on covariates approach.
Introduction
The HIV pandemic is composed of complex sub-epidemics, each influenced by many biological, behavioral and cultural factors in susceptible populations. Concentrated epidemics in North America have been localized to specific at-risk populations such as men who have sex with men (MSM) and intravenous drug users. Antiretroviral therapy has increased the quality and length of life of individuals infected with HIV, and decreased transmissions (Granich et al. 2010) . Nevertheless, HIV remains a public health concern that disproportionately affects MSM remain in Canada (Brenner et al. 2007; Cain et al. 2013; Remis et al. 2014; Remis and Palmer 2009 ): 57% of incident cases of HIV are among MSM (Yang and Ogunnaike-Cooke 2016) .
Early stage infection, often defined as within six months of infection, is thought to be a key window for HIV transmission (Cohen et al. 2011; Powers et al. 2011; Wainberg and Brenner 2012; , likely due to high concentrations of viremia in bodily fluids. While direct evidence on transmission chains cannot measured by phylogenetic analyses, these have been used to provide insights into transmission networks by clustering individuals based on similarities the RNA of the HIV with which they are infected Leigh Brown et al. 2011; Lewis et al. 2008; Hué et al. 2004; Brenner et al. 2007; Bezemer et al. 2010; Hughes et al. 2009; Yerly et al. 2009; Levy et al. 2011) . Coupled with epidemiological data, a phylogenetic strategy may provide a unique window to discern HIV transmission, and to attempt to correlate personal characteristics (demographic, behavioral) with large transmission clusters, which are thought indicative of rapid HIV transmission (Brenner et al. 2007; . Our analysis focuses on investigating the behavioral correlates of phylogenetic cluster size using data from SPOT, a free and anonymous HIV testing service offered to MSM in Montreal, Canada. Given the complex and dynamic nature of rapid transmission events, our analysis does not aim to be causal in any sense as we are unable to ensure temporal ordering of some of the epidemiological variables that we consider and infection. Nevertheless, the methods that we propose could be used in settings where temporally ordered data were available to predict which clusters are at risk of growing to a large size to provide real-time responses to outbreaks, as has been done in another Canadian province for both tuberculosis (Cheng et al. 2015) and HIV (Poon et al. 2016) .
In this paper, we outline some methodological challenges that have arisen in attempting to combine phylogenetic and epidemiologic data, and demonstrate solutions to address these challenges. The first challenge is one of information. HIV positive tests have been notifiable in Canada since 2004, however reporting is anonymous in the province of Quebec. Epidemiological data is available through a research questionnaire completed by patients participating in SPOT, and HIV genotyping is performed on blood samples of those found to be positive. The phylogenetic sequences from SPOT participants are clustered with all sequences from the Quebec HIV Genotyping Cohort, a cohort of several thousand, to determine the size of the phylogenetic network with which the individual's HIV clusters. The HIV Genotyping Cohort is part of a drug resistance programme, operational since 2002, that includes HIV pol sequences of nearly all Quebec residents diagnosed with HIV since the cohort's inception. Thus, for all SPOT participants found to be living with HIV, we may determine the number of people who share a similar virus, i.e. the size of the phylogenetic cluster to which that individual belongs. However, as detailed below, the resulting clusters are known to be too small, and so measurement error in the cluster size must be taken into account. Further, while SPOT has a significant research component, the study recruited often by social networks and with the aim of providing HIV testing to sexually active MSM, so that the generalizability of findings from the analysis are uncertain. We therefore will supplement these data with another study of MSM in Montreal whose sampling design was venue-based and probabilistic.
Methods
We use SPOT data to evaluate the association between HIV transmission cluster size and the number of sex partners for MSM, after adjusting for the SPOT sampling scheme and correcting for measurement error in cluster size. Below, we describe in detail our primary data sources, and the methods that we propose to overcome the two major challenges that we encountered in analysing the SPOT data: non-random sampling and measurement error.
Data sources
The SPOT study. SPOT is an HIV-testing program with a research component targeting MSM in Montreal, Quebec. Beginning in July 2009, SPOT offered free, anonymous, HIV point of care rapid tests to MSM at a community-based testing site close to Montreal's gay village. Individuals were recruited to the research component of SPOT provided they met the inclusion criteria: self-identification as male; at least 18 years of age; resident of Quebec, speaking and understanding French or English; anal sex with another man in the past 12 months; and unknown HIV status at the time of testing. SPOT promotion was also undertaken through outreach activities organized by the RÉZO community organization. Previously, it has been reported that a large number of participants learned of SPOT from friends (Otis et al. 2016) .
In addition to free rapid tests, the SPOT project administered an anonymous questionnaire eliciting information on socio-demographic characteristics, HIV testing behavior, and behavorial/lifestyle information; phylogenetic analyses were undertaken on anyone found to be HIV+. We analyzed the data from 1803 men recruited up until 2013, 36 of whom were found to have HIV.
Two inferential challenges are encountered in SPOT. The first is one of sampling: A sampling frame is of course not available for the target population. SPOT is an HIV testing resource, primarily, and hence attracts individuals in an approach that could be likened to convenience-sampling. However, as detailed in the section that follows, we have access to data that were sampled probabilistically.
The second challenge faced is one of measurement error. The Quebec Genotyping Cohort does not contain all phylogenetic information for all individuals with HIV in the province of Quebec. Individuals may not be included for a variety of reasons including not having been tested (either at all, or only outside of the province), having viral load less than 400 copies per ml (Brenner and Moodie 2012) , or having been diagnosed well before the inception of the genotyping program. Consequently, measurement error occurs in defining the cluster size and this measurement error is characterized by a systematic under-counting of the true cluster size due to the absence of the phylogenetic information on the HIV status or phylogenetic cluster of the individuals in the province (Parveen, Moodie, and Brenner 2015) . However the under-counting exists is only for those men who are HIV-positive; anyone free of HIV has a cluster size of 0.
Thus, to obtain the valid inferences in investigating correlates of large phylogenetic clusters, we proceed with an analysis that accounts for the non-probabilistic recruitment scheme employed by SPOT, and measurement error in cluster size. We propose doing so through venue-based sampling weighting using an external source of data in combination with a new method of measurement error correction designed specifically for settings in which validation data are unavailable and measurement error may depend on another covariate, namely HIV status: simulation-extrapolation conditional on covariates (Parveen, Moodie, and Brenner 2017) .
The ARGUS study. 1 The data used in this study were collected from the second wave of ARGUS (Lambert et al. 2009 ), a second generation surveillance study designed to monitor trends in HIV, sexually transmitted infections, and risk behaviors among MSM living in the province of Quebec that occurred in [2008] [2009] . Participants were recruited using time-location sampling, or venue-based sampling, from venues including saunas, bars, coffee shops, sports and recreational groups where gay men interact, as well as a fixed study site (i.e. a non-mobile research site that is not a social venue). At each venue (except for the fixed site), individuals were randomly sampled from among those present. Information was collected on the frequency with which such a venue was attended so that individuals could be reweighted according to the inverse of the likelihood of having been sampled. From the 42 sampling locations in the province of Quebec (37 of which were located in Montreal), 1873 individuals were recruited in the period around when the individuals in SPOT were recruited. A self-administered questionnaire was given, and a blood sample was also collected to perform screening tests for HIV, syphilis and Hepatitis C virus. The ARGUS questionnaire focused on a participant's socio-demographic characteristics, structure of his social network, sexual and other lifestyle activities. However, phylogenetic cluster size was not available for ARGUS participants at the time of the analysis. As ARGUS employed venue-based sampling, the data from ARGUS respondents, when appropriately reweighted, may better capture the target population of MSM in an urban Quebec setting.
To use estimated weights in SPOT that are derived from models for the ARGUS venue-based sampling weights, several assumptions are required. First, we must assume that both SPOT and ARGUS are targeting the same population, in this case of MSM. We also require that (i) the covariates that are common to SPOT and ARGUS that were used to predict the sampling weights are the only variables that predict the frequency with which an individual might visit a gay social venue, and (ii) that we can correctly specify the dependence of the sampling weight on those covariates. Under these assumptions, SPOT participants are conditionally exchangeable with ARGUS participants, and may be consistently weighted to estimate population-level parameters from the reweighted sample.
Statistical methods
Venue-based sampling. Venue-based sampling a sampling technique targetting hard-to-reach populations (Gustafson et al. 2013) , including MSM. Venue-based sampling typically begins with an on-field team interviewing key service providers and members of the target population to identify a range of venue-day-time (VDT) units in which to locate the members of the target population as the sampling frame. The research team then visits the venues, counting the number of individuals present, prepares a list of potentially eligible VDT units, and estimating the population size for each VDT unit. Upon building the sampling frame, the sample is selected in two stages. In the first stage, venues are selected as primary sampling units using simple or stratified sampling with probabilities proportional to the estimated size of the population captured in each venue. In the second stage, a sample of participants from the selected venues is drawn using systematic (random) sampling (Magnani et al. 2005) . There are many advantages to venue-based sampling, such as (i) it allows the calculation of a selection probability for each individual in the sample; (ii) unlike convenience sampling, it greatly diminishes the arbitrary selection of venues or individuals, and provides a replicable sampling selection method; and (iii) it does not require a comprehensive enumeration of individual members of the target population so long as all members of the population can be assumed to be reached at the sampled venues at different times. Venue-based sampling is not without costs: it requires intensive fieldwork to visit and map VDTs. Moreover, bias or low generalizability can occur if key venues are missed, or members of the target population do not (as assumed) frequent the venues included in the sampling frame.
We calculated sampling weights in ARGUS based on the reported frequency of attending the venue from which a man was sampled. E.g. men who were sampled from a café received a weight 60, 15 or 3.75 if they reported visiting cafés where MSM socialize less than 1 time per month, 1-3 times per month, or at least 1-3 times per week, respectively. These weights were obtained as the inversely proportional to the frequency with which the venues were attended, as follows: attendance of a particular venue-type such as a café -less than once/month gave a weight of 60 (which we may think of as being derived from [1/(60days)] −1 , if less than monthly can be taken to every two months);
-1-3 times/month gave a weight of 15;
-1-3 times/week or more gave a weight of 3.75.
Weights were calculated similarly for men recruited from each of the social sites included in the VDT sample (bars, saunas, etc.). For the fixed study site, all participants were recruited, and hence the sampling weight for these individuals was 1. Therefore, each participants in the ARGUS study received a weights of 1, 3.75, 15, or 60.
As ARGUS and SPOT are assumed to recruit from the sample population, we leveraged the information in the venue-based sampling weights from ARGUS to create venue-based sampling weights for SPOT. Specifically, we built a model to estimate venue-based weights for SPOT using the weight from ARGUS study as dependent variable in a regression model which took all common covariates in the SPOT and ARGUS studies as predictors (see Table 1 ). Then, using the covariates in SPOT, we predicted the most probable weight for each SPOT participant. In our primary analysis, we used a multinomial logistic regression; a sensitivity analysis using linear regression to model the venue-based weights. Note that the number of sex partners in ARGUS was counted for the last 6 months whereas it was counted in SPOT for the last 3 months. We, therefore, multiplied the number of sex partners in SPOT by 2. Simulation-extrapolation conditional on covariates. Over the last three decades, several measurement error correction methods including as regression calibration (Gleser 1990; Carroll, Ruppert, and Stefanski 1995) , multiple imputation (Rubin 1987; Cole, Chu, and Greenland 2006) , and simulation-extrapolation Carroll, Ruppert, and Stefanski 1995) have been proposed. Each of these approaches, with the exception of simulation-extrapolation, requires either a validation sample or replicate data for some fraction of the observed sample. In the SPOT study, phylogenetic cluster size is under-counted due to unobserved (untested) individuals. Therefore, obtaining a validation sample is both ethically and practically infeasible as it would require the testing of all members of the population of interest (in our case, all MSM resident in the province of Quebec). Under this circumstance, that is in the absence of validation or replicated data, simulation-extrapolation is the most promising avenue for correcting the undercounting of the cluster size data.
The simulation-extrapolation method developed by Cook and Stefanski (1995) is a simulation based technique for estimating and reducing bias due to additive measurement error. Simulation-extrapolation is an estimation procedure consisting of a simulation step and an extrapolation step. Estimates are obtained by adding additional measurement error (in known increments) to the mis-measured data, computing estimates from the contaminated data, establishing a trend between these estimates and the variance of the added measurement errors, and extrapolating this trend back to the case of no measurement error. This method requires the knowledge of the distribution of the measurement error (which may be known in cases such as a laboratory assay, or estimated using external or validation data). Let , = 1, … , is the unobserved true explanatory variable, and an error-prone version. Consider = + , where ∼ (0, 2 ) and is independent of , . Simulation-extrapolation proceeds in two steps. In the first simulation step, artificial measurement error is added to and B new covariates , ( ) are generated through , ( ) = + √ , where = 1, … , ; = 1, … , and = 1, … , for values of chosen by the analyst and { , } =1 are independent computer simulated random numbers from (0, 2 ). It can be shown that the variance of , ( ) is 2 + (1 + ) 2 , which increases with . For each , let̂( ) denote the vector of naïve estimates obtained by regressing Y on , ( ). Using B estimates for each , an average estimate can be obtained as −1 ∑ =1̂( ). By regressinĝ( ) on , and extrapolating back to = −1, we find the estimate(−1) corresponding to the error 2 + (1 + ) 2 = 2 (i.e. the error free setting). Typically,̂( ) is regressed on assuming either a quadratic or a non-linear relationship e.g. a lowess smoother (Cleveland 1979 ). Parveen, Moodie, and Brenner (2017) extended simulation-extrapolation to accommodate measurement error distributions that (i) depend on other covariate and (ii) need not to have mean zero, called simulation-extrapolation conditional on covariates (SIMEX-CC). They expressed the imperfect measurement of as = − , where the conditional distribution of the error given a correctly measured variable was ( | = ) = with a finite mean ( ) and variance ( 2 ). In SIMEX-CC, the simulated covariate , ( ) was taken to be
where = ( | ); = 1, … , ; = 1, … , and = 1, … , . Note that this measurement error specification can be made to accommodate settings where is always less than or equal to if, for example, we take = − with a non-negative random variable.
In the SPOT data setting, we consider to be the (unobserved) true cluster size and to be the HIV status of the participants. All HIV negative participants belong to a cluster size zero, and there is no measurement error in this cluster size. Measurement error was only present in the cluster size of HIV positive participants. Thus measurement error in cluster size depends on another covariate: the HIV status of the participants and, as such, we applied the SIMEX-CC method.
To undertake our analysis of the epidemiological correlates of phylogenetic cluster size in the SPOT data, we considered a weighted regression of Y on , ( ) in the simulation step of SIMEX-CC method, where weights were the venue-based sampling weights estimated with the external information provided from ARGUS, as described above.
The SPOT analysis

Methods
In the present analysis, our main focus was on the association between the phylogenetic cluster size and the number of sex partners in the SPOT data. We adopted log-linear models to assess whether there was any evidence of a relationship between cluster size on number of sex partners, when adjusting for age, ethnicity, education, and income as potential confounders. Selected characteristics (unweighted) of the study samples from SPOT and ARGUS subjects are presented in Table 1 ; for a detailed breakdown of key covariates in the SPOT study by HIV status, please see Supplementary Materials Table 1 , where similar distributions of characteristics are observed between the HIV positive and negative participants. As noted in the previous section, to adjust for the SPOT sampling scheme in the analysis stage, we used external information from the ARGUS study. The distribution of covariates varies between the SPOT and ARGUS studies, with ARGUS participants being more commonly of French-Canadian origin, less likely to hold a university degree, and more likely to have snorted or smoked cocaine.
The sampling weight for ARGUS participants were directly calculated using the frequency of venue attendance. We then use multinomial logistic regression to predict the sampling weights in ARGUS using the variables listed in Table 1 , which are the variables common to both the SPOT and ARGUS studies. The fitted model was then used to estimate sampling weights for the SPOT study participants. In the SPOT study, there were some missing data. For the variables age, ethnicity, cluster size, number of sex partners and number of one night sex partners the number of missing data points were 6, 3, 2, 137 and 50 respectively. Since fewer than 8% of data were missing, our primary analysis used complete cases only, and then perform sensitivity analyses following imputation.
To apply SIMEX-CC, we must supply the method with the mean and variance of the measurement error distribution of cluster size of the HIV positive individuals. We estimate this distribution using the following external data: The adult population of Quebec in the year from which the SPOT data were taken was 6,802,700 with an HIV incidence rate of 7/100,000 2 so that the total number of incident cases of HIV in Quebec can be estimated as 6,802,700 × 0.00007 ≈ 476. It has been suggested that in Canada, approximately 25% of people who are living with HIV do not know their infection status. 3 In fact, the proportion of MSM in Montreal who are unaware of their HIV status is likely lower (13% in ARGUS), however we opt for the higher bound as previous work has suggested that it is better to overestimate rather than underestimate measurement error variance (Parveen, Moodie, and Brenner 2017) . Thus, we estimate that there are 476 × 0.25 ≈ 160 who are "missing" from the genotyping program database, and thus contributing to the under-counting of cluster size. Based on previous studies of cluster size distributions (see, e.g. Lewis et al. 2008; Leigh Brown et al. 2011 ) and the sizes of clusters in SPOT, we found through trial and error that a Poisson(3) distribution was appropriate to yield a distribution of cluster sizes that was similar those found in the literature and would account for the approximately 160 individuals who are estimated to be missing from the Quebec genotyping program. While the Poisson distribution almost surely mis-specifies the true error distribution in cluster size, sensitivity analyses will be undertaken to assess the sensitivity of our findings to this rather stringent assumption.
We compared an unadjusted analysis to one that implements only SIMEX-CC, one that implements only the sampling weighting, and a final model that combined the sampling weighting and SIMEX-CC. When using SIMEX-CC, we used B = 200 replicates in the simulation step, and calculated the variance using a nonparametric bootstrap procedure with 1000 resamples. When combining both weighting and SIMEX-CC, we first applied the weighting then applied the SIMEX-CC to the weighted estimates. The bootstrap procedure ensures any variability due to weighting is also incorporated into the estimated standard errors.
Results
In Table 2 , we compare four models: (i) a naïve unweighted model (neither adjusted for the sampling scheme nor corrected for measurement error); (ii) a naïve weighted model (not corrected for measurement error, but adjusted for the sampling scheme); (iii) an unweighted SIMEX-CC analysis (not adjusted for sampling scheme but corrected for measurement error); and (iv) a weighted SIMEX-CC (adjusted for both the sampling scheme and measurement error). SIMEX-CC extrapolant functions are given in Supplementary Figures 1-2 . We have found no evidence of association between cluster size and the total number of sex partners across all models. However, notable differences appear in the analysis of the number of one-night sex partners: cluster size appears to be associated with the number of one night partners when adjusting for sampling weights, however the association is very weak in magnitude across all models and not significant when measurement error is taken into account. In this analysis, adjusting for the sampling confers greater changes in the estimates than correcting for measurement error -perhaps unsurprisingly as there are relatively few individuals living with HIV and hence whose cluster size is subject to measurement error.
To assess the sensitivity of the results to the measurement error distribution, missing data, and the estimation of the sampling weight, we re-analyzed the SPOT data (i) assuming measurement error was distributed with a mean and variance of 5; (ii) considering all missing variables as the modal (most common) values for binary variables, and median for continuous and count variables; and (iii) modelling the distribution of sampling weights as via linear regression. We found no meaningful changes in the resulting estimates (see Supplementary Table 2 -4). In settings like SPOT, where the measurement error affects only a small fraction of the total sample, analysts may wish to focus efforts on addressing any potential biases due to sampling design.
Table 2:
Results from unweighted and weighted naïve models, and unweighted and weighted SIMEX-CC where the cluster measurement error is assumed to be distribution Poisson(3), to assess the correlation between cluster size and number of sex partners. See Table 1 
Discussion
In this paper, we have demonstrated how phylogenetic and epidemiological data may be combined in an effort to leverage new insights into the correlates of HIV phylogenetic cluster size in MSM using two high quality data sources: a rich dataset offering information on both phylogenetic clustering and epidemiological covariates, and another offering similar epidemiological data and yet is one of the few studies in the Canadian MSM population to have used a probabilistic recruitment approach via time-location sampling. To leverage the complementary strengths of these two datasets, we used considerable external information, adjusting SPOT by assuming it could be viewed through the lens of a probabilistic time-location reference sample and addressing measurement error in cluster size using the SIMEX-CC, which can accommodate measurement error that is covariate-dependent and may not have mean zero. In this case study, we have thus demonstrated important methodological tools that can be employed in a wide array of settings, most particularly in studies of hard-toreach populations and studies where measurement error can be well-characterized. Our analysis is subject to several limitations. First, while we have drawn on two large studies of urban MSM in Canada, power is limited due to the small number of people who were HIV positive and for whom both phylogenetic cluster size and epidemiological data were available. Further, the measurement error in cluster size was not known. Unlike a setting where error is the results of known, well-calibrated measurement error (e.g. laboratory assays) or where validation data are available, we estimated the distribution of the error using published studies and a trial-and-error approach to testing possible error distributions. In the context of SPOT, where measurement error appears to contribute little bias to the point estimate, this rather uninformed measurement error distribution had little impact on the conclusions of the analysis. Further, in previous work (Parveen, Moodie, and Brenner 2017) , we have found that SIMEX can performs well in terms of bias reduction even when the measurement error distribution is mis-specified. Thus, while a more flexible distribution such as one that allow de-couples the mean and variance may have provided a better estimate of the error distribution, it is probable that the impact on the SPOT findings would be small.
Another important limitation is that "cluster size" is not a static measure, but rather one that evolves with new transmissions, and the dynamics that drive large clusters are highly complex and may vary from cluster to cluster. For instance, cluster size may be driven in one cluster by a large number of individuals engaging with a small number of sexual partners within the period of high infectivity shortly after seroconversion, and in driven in another by a small number of individuals with many sexual partners and transmission events. As time progresses, the measurement error in cluster size may decrease: with each new HIV-infected person being tested in the province, cluster size may be updated. However, simply adding precision to some final measure of a cluster size may not provide the relevant information: ideally, we want to correlated an individual's sociodemographic and lifestyle characteristics at the time of infection with the size of the cluster at that same point in time. Phylogenetics to offer some insights into when an individual was infected, but not with enough precision to accurately determine the size of a cluster at the point at which an particular member of that cluster was infected.
Finally, our analysis implicitly assumed that ARGUS recruited from the same target MSM population as SPOT, and that are models for the sampling weights were correctly specified with no omitted covariates. While demographics are broadly similar in the two populations, ethnic origin did vary (with more SPOT participants being of non-Canadian origin) and cocaine use differed, likely due to recruitment from saunas, bars, and sex clubs in ARGUS. ARGUS sought to recruit lifetime MSM, not only those who were currently sexually active. If it is the case that the venues from which ARGUS sampled did not cover the entire MSM community, then the weighting scheme used will have adjusted SPOT to look more like ARGUS participants, but neither study sample will represent, or generalize to, the entire MSM community in Montreal or the province of Quebec. However, while it is possible that some social venues may not have been identified, the extensive formative research and environmental scan used to map the MSM community is a strength of the ARGUS study that minimizes this as a potential concern. Further, as the number of sexual partners was measured over different time frames in the two studies, we made a strong assumption that constant behavior over time so that the number observed over a 3 month period could be doubled to represent the number over a 6 month period. High risk sexual behavior such as the number of one night partners may vary considerably over time, however we had no data that would allow us to investigate the plausibility of this assumption in the studies.
As in previous work, no evidence was found to support a correlation between large cluster size and sexual risk behavior. This underscores the importance of finding other indicators such as, perhaps, real-time phylogenetic monitoring are needed to identify early stage infection and better understand transmission dynamics among MSM. Clearly, our work only scratches the very surface of the potential links between rapid transmission as hinted at by larger cluster size and individual-level characteristics, but is an important first step in posing the question and offering solutions to some of the methodological hurdles that may be faced.
